Previous studies with Arabidopsis accessions revealed that biomass correlates negatively to dusk starch content and total protein, and positively to the maximum activities of enzymes in photosynthesis. We hypothesized that large accessions have lower ribosome abundance and lower rates of protein synthesis, and that this is compensated by lower rates of protein degradation. This would increase growth efficiency and allow more investment in photosynthetic machinery. We analysed ribosome abundance and polysome loading in 19 accessions, modelled the rates of protein synthesis and compared them with the observed rate of growth. Large accessions contained less ribosomes than small accessions, due mainly to cytosolic ribosome abundance falling at night in large accessions. The modelled rates of protein synthesis resembled those required for growth in large accessions, but were up to 30% in excess in small accessions. We then employed 13 CO 2 pulse-chase labelling to measure the rates of protein synthesis and degradation in 13 accessions. Small accessions had a slightly higher rate of protein synthesis and much higher rates of protein degradation than large accessions. Protein turnover was negligible in large accessions but equivalent to up to 30% of synthesised protein day À1 in small accessions. We discuss to what extent the decrease in growth in small accessions can be quantitatively explained by known costs of protein turnover and what factors may lead to the altered diurnal dynamics and increase of ribosome abundance in small accessions, and propose that there is a trade-off between protein turnover and maximisation of growth rate.
INTRODUCTION
The biogenesis and use of ribosomes for protein synthesis represent major cost factors in growth (Rolfe and Brown, 1997; Warner, 1999) . Ribosomes also account for a substantial part of cellular nitrogen and phosphate (Raven, 2012) , for example, in rapidly growing yeast cells they account for 30-40% of the protein and 80% of the RNA (Warner, 1999; Rudra and Warner, 2004) . This large investment is related to the size of this molecular machine and the slow rate of ribosome progression (about 4-8 and 30 amino acids ribosome À1 sec À1 rates in animal cells at 25°C
and yeast at 30°C, respectively; Lodish and Jacobsen, 1972; Palmiter, 1974; Arava et al., 2003) . Ribosome progression is constrained by the need to unwind secondary structures in mRNA (Wen et al., 2008) and to proofread, which involves pausing after recruiting an aminoacyl-tRNA to allow competition with other aminoacyl-tRNA species (Kramer and Farabaugh, 2007; Zaher and Green, 2009 ). Consequently, biogenesis and use of ribosomes constitutes a bottleneck for growth. Ribosome abundance typically correlates with growth rate in unicellular organisms including bacteria, yeast (Maaløe and Kjeldgaard, 1966; Scott et al., 2010) and algae (Elser et al., 2003; Karpinets et al., 2006; Raven, 2012) . However, as ribosome abundance increases, use of ribosomes to make more ribosomes competes with production of proteins that are needed for cellular function and growth. It has been estimated that growth is fastest when about half the total protein is invested in ribosomes (Snoep et al., 2006; Scott and Hwa, 2011) , a value that is approached in rapidly growing cells (see above). The need to balance investment between ribosomal proteins and other classes of protein provides a molecular explanation for bacterial growth laws (Scott et al., 2010 (Scott et al., , 2014 Scott and Hwa, 2011) . It also underlies the Redfield number, which is the rather constant ratio between N and P in marine algae (Redfield, 1934; Klausmeier et al., 2004) ; this ratio reflects the ratio of N and P in rRNA and ribosome proteins and the optimal ratio between ribosomal and non-ribosomal proteins (Loladze and Elser, 2011) .
In multicellular organisms, individual cells live longer, differentiate and are often sacrificed to support the growth of new cells. Protein degradation facilitates the removal of damaged proteins, re-mobilisation of resources, and changes in the protein complement during development or adaptation to new conditions (Nelson and Millar, 2015) . Consequently, protein synthesis is not only required for net growth, but also to replace degraded proteins. This process is termed protein turnover, and can be an important factor in determining growth rate. For example, weight gain in poultry and animals depends on the balance between protein synthesis and degradation (Millward et al., 1975; Swick, 1982; Maeda et al., 1984; Bergen, 2008) . This balance is modified by nutrient status, disease and age (Arnal et al., 1987; Vellai and Takacs-Vellai, 2010; Bonaldo and Sandri, 2013) .
Protein turnover rates in various plant species vary between 0.06-0.42 day À1 (Huffaker and Peterson, 1974; Quigg and Beardall, 2003) . Recent studies in Arabidopsis reported protein turnover rates of 0.04-0.24 day À1 (Li et al., 2012; Nelson et al., 2014a,b; Ishihara et al., 2015; Nelson and Millar, 2015) . Protein turnover is thought to make a significant contribution to plant respiration (Penning De Vries, 1975; Amthor, 2000; Quigg and Beardall, 2003) and may impact on biomass formation (Amthor, 2000) . There is emerging evidence that protein degradation is regulated and dynamic (Nelson and Millar, 2015) . However, little information is known about genetic variation in the rate of protein turnover and whether this variation contributes to differences in growth rate between species or different genotypes of a given species. In studies with Arabidopsis accessions, we observed that growth correlated negatively with rosette starch levels at dusk . Leaf starch is a carbon (C) reserve that is accumulated in the light period and remobilised to support metabolism and growth at night (Graf and Smith, 2011; Stitt and Zeeman, 2012) . The negative correlation between starch and growth indicates that fastgrowing accessions use C more efficiently. Growth also correlated negatively with protein content . However, fast-growing accessions had higher activities for many enzymes in photosynthetic metabolism (Sulpice et al., 2010) , which account for about half of the total protein in plant leaves (Farquhar et al., 2001; Zhu et al., 2007) . This situation raises the question: 'Which classes of protein decrease in fast-growing accessions? ' We hypothesized that large accessions have lower levels of ribosomes and a lower rate of protein synthesis, but grow faster because they also have a lower rate of protein turnover. To test this idea we analysed ribosome abundance and polysome loading in 19 Arabidopsis accessions, and used a model developed in Piques et al. (2009) to explore the relationship between protein synthesis, protein degradation and growth. We also used 13 CO 2 labelling and mass spectrometric analysis (Ishihara et al., 2015) to measure the rates of protein synthesis and degradation. Both approaches show that small accessions have a higher rate of protein degradation than large accessions.
RESULTS

Growth and levels of central metabolites
A set of accessions with large differences in rosette biomass was chosen from the 97 accessions used in Sulpice et al. (2009) . They were grown on soil in short day conditions (8 h light, 16 h dark) as in Sulpice et al. (2009 Sulpice et al. ( , 2010 . In these conditions, growth is C-limited and is likely respond to factors that modify C-utilization efficiency. After 5 weeks, rosettes were harvested at the end of day (ED) and the end of night (EN) and analysed for biomass (rosette fresh weight, FW), chlorophyll, total protein, total amino acids, starch, organic acids, soluble sugars and (see below) rRNA abundance. The experiment was performed twice, with 20 accessions in Experiment 1 and 19 of these 20 accessions in Experiment 2.
Biomass, starch, malate and amino acids correlated significantly between the experiments at both harvest times, and starch, glucose and fructose at one harvest time ( Table S1 ). Traits that did not correlate between experiments often showed low variance between accessions, making the comparison susceptible to noise. Two-way analysis of variance was used to correct for experiment effect (Lisec et al., 2006) and calculate adjusted average values for the 19 accessions that were used in both experiments. The latter were used to calculate Pearson's R and Spearmans' R between each trait pair. Adjusted P-values (Benjamini and Hochberg, 1995) were calculated, applying a false discovery rate (FDR) of 10% (Table S2) .
There was a > 2-fold difference in biomass (FW rosette À1 ) between largest and smallest accessions. Arabidopsis grows exponentially through to 5 weeks in our growth conditions (Tschoep et al., 2009) . We used both linear and natural log-transformed biomass data to search for correlations between biomass and metabolic traits. Biomass correlated negatively to starch at ED (adjusted P = 0.015, see also Sulpice et al., 2009) and the difference between starch at ED and EN (adjusted P = 0.039), which is a measure of the average rate of starch degradation at night (Table S2) . Three-way ANOVA with genotype, rosette FW of the sample and experiment as factors revealed a strong genotype (G) effect on biomass, starch (at both ED and EN), and most metabolic parameters including total protein (Table S1) .
Ribosome abundance at dawn measured by qRT-PCR of rRNA correlates negatively with biomass
Abundance of the small subunit (16/18S) rRNA of the cytosolic, plastidic and mitochondrial ribosomes (rRNA Cyt , rRNA Pla, rRNA Mit ) was measured using qRT-PCR, adding eight artificial RNA molecules in different concentrations before cDNA preparation to allow absolute quantification (Piques et al., 2009; Pal et al., 2013) . Levels of rRNA Cyt , rRNA Pla and rRNA Mit correlated between the two experiments at EN (P < 0.05) but not at ED (Table S1 ). This reflected a larger variation between accessions at EN than ED. Adjusted averages for the 19 shared accessions in the two experiments were calculated as described above. Ribosome abundance in the cytosol (Rib Cyt ), mitochondrial (Rib Mit ) and plastidic (Rib Pla ) was estimated assuming that each rRNA molecule corresponds to one ribosome. The three rRNA species were summed to estimate total ribosome abundance (Rib ALL ). Relative to Rib ALL , Rib Cyt represented 56-65%, Rib Pla 36-40%, and Rib Mit 1.3-1.6%. (Table S1 ). Accession rosette biomass was negatively correlated to Rib All and Rib Cyt at EN [Pearsons R = À0.646 and À0.654, adjusted P = 0.020 and 0.018, respectively Figure 1 (a, b) and Table S2 ]. Similar correlations were obtained using ranked values (Table S2) . Accession biomass was weakly but not significantly correlated with Rib Pla and Rib Mit at EN (adjusted P = 0.125 and 0.137, respectively) ( Figure S1 and Table S2 ) No significant correlations were found between rRNA abundance and accession biomass at ED. All rRNA species showed a decrease in rRNA abundance during the night. This decrease was more marked in large than small accessions [30% compared with 10% for rRNA cyt , 30% compared with 12% for rRNA pla , and 20% compared with ED R 2 = 0.012 P = 0.921 EN R 2 = 0.425 P = 0.020 ED R 2 = 0.011 P = 0.895 EN R 2 = 0.426 P = 0.018 Table S1 . rRNA are given separately for ED and EN, and biomass was estimated from the combined ED and EN samples. The results in panels (a, b) are the calculated from two independent experiments, each with up to four samples (five whole rosettes per sample), the results in panel (c) are from one experiment with 2-3 independent samples, and the error bars are 95% confidence intervals. The error bars show 95% confidential intervals. (a, b, n = 4 to 7; c, n = 2 to 3). Adjusted P-values were calculated from Pearson's R (see Table S2 ). Table S1 ). A highly significant relationship was also found when Rib Cyt or Rib ALL were taken as factors and tested against rosette FW as a variable (P < 0.0001 in both cases, Table S1 ). The negative relationship between biomass and ribosome abundance might reflect a direct effect of G or an indirect effect, for example, because ribosomes are diluted by rapid growth. In the latter case, the negative correlation would be lost when biomass is defined as the amount of protein per rosette. As already mentioned, there was a weak but significant negative correlation between rosette FW and protein concentration, indicating that dilution of protein contributes to formation of a high rosette FW. Nevertheless, there was a significant negative correlation between Rib Cyt or Rib ALL at EN and total protein per rosette (Pearson's R = À0.664 and À0.631, adjusted P = 0.016 and 0.024, respectively; Figure S2 ). Further, when we repeated the ANOVA analyses with ribosome abundance expressed on a protein basis; the G effect was stronger than when ribosome abundance was expressed in a FW basis (P = 0.001 compared to 0.014 for Rib Cyt ; 0.0027 compared to 0.04 for Rib ALL ) (Table S1 ).
To further test whether G contributes to the negative correlation between accession biomass and Rib Cyt , we performed non-parametric ANOVA and a Test for Association/ Correlation between Paired Samples (Hollander and Wolfe, 1973; Chambers et al., 1992; R Core team, 2016) (Figure S3) . We generated three different non-parametric (categorical) rankings of samples for the shared accessions from Exp1 and Exp2; 'Genotype,' in which individual samples were assigned to genotypes and the genotypes ordered based on average accession, 'rosette FW) in which individual samples were ordered on their rosette FW and grouped in bins with the same number of samples per bin as in the genotype bins and 'Random' in which the samples were ordered randomly in bins of the same size as in the genotype bins (see Figure S3 , Text S1). When these non-parametric rankings were compared with Rib Cyt as a continuous variable we found a strong correlation for 'Genotype' (P = 4.21 9 10 À6 in ANOVA, P = 3.0 9 10 À5 to 3. Figure S3 ). These analyses also confirmed a G factor in the weak negative relation between rosette FW and protein content ( Figure S3 ).
Ribosome abundance at dawn estimated by proteomics analysis of ribosomal protein abundance correlates negatively with biomass
Three large (BR0, Hl3, Lip0) and four small (Ang0, Bla11, Bu2, Col0) accessions were selected to investigate ribosomal protein abundance. Three replicate samples for each accession and time were analysed using liquid chromatography tandem mass spectroscopy (LC-MS/MS), applying the exponentially modified Protein Abundance Index (emPAI; Ishihama et al., 2005) to estimate relative protein abundance (Piques et al., 2009) . Table S3 lists the average emPAI values of proteins. At EN, 2105 proteins were identified including 206 ribosomal proteins, and at ED 1153 proteins were identified including 175 ribosomal proteins. The different number of detected proteins may have resulted from EN and ED samples being analysed separately on different column setups. We first averaged the mol fractions (sum of emPAI) of proteins across the accessions and ranked individual proteins based on the average values across the seven accessions. As expected, the most abundant single proteins are involved in photosynthesis. We next grouped proteins in MapMan bins. Depending on the accession and harvest time, ribosomal proteins accounted for 7-16% of detected proteins confirming that ribosomal proteins represent a substantial part of the total rosette protein. Next, based on the known stoichiometric composition of ribosomes, the summed mole percentage of ribosomal protein was estimated for each accession at ED and at EN, and normalised on the average mole percentage of ribosomal protein across the seven accessions at that time. This was done to correct for the different proteome coverage at the two harvest times. There was a significant negative correlation between rosette biomass and total ribosome protein abundance at EN (Figure 2 ; Pearson's R = À0.68, P = 0.01) but not at ED. A negative correlation was also seen at EN for cytosolic ribosomal protein (Pearson's R = 0.86, P = 0.013) and plastidic ribosomal proteins (Pearson's R = 0.90, P = 0.006, Table S3 ). When the analysis was restricted to the 39 ribosomal proteins that were detected in all individual accessions, a similar negative correlation was obtained at EN between rosette biomass and total ribosome proteins (Pearson's R = 0.89, P = 0.008; Table S3 ). These results confirm the negative relationship at EN seen from analyses of rRNA abundance.
Changes in polysome loading between accessions
Protein synthesis requires loading of ribosomes onto mRNA to form polysomes. The fraction of ribosomes in polysomes was estimated by sucrose density gradient centrifugation (Pal et al., 2013) . Unattached ribosomes are present as subunits at the top of the gradient, whereas polysomes with increasing numbers of ribosomes move increasingly far into the gradient. Absorption at 254 nm (A 254 ) is used to measure the distribution of RNA, which is almost entirely to rRNA. Polysomes were defined as containing >1 ribosome. Across all accessions, polysome loading ranged between 51-64% at ED and 36-49% at EN ( Figure 1c and Table S1 ), qualitatively resembling behaviour previously reported for Col-0 (Pal et al., 2013) . Polysome loading was significantly and negatively correlated with biomass at EN (adjusted P = 0.014) but not at ED (Figure 1c and Table S2 ). The number of ribosomes loaded in polysomes (termed polysome abundance) was estimated as Rib ALL multiplied by polysome loading ( Figure 1d and Table S1 ). This calculation could only be performed for Rib ALL because polysome analyses do not distinguish between cytosolic, plastidic and mitochondrial ribosomes. Polysome abundance correlated negatively with biomass with an exceptionally high R 2 value of 0.77 (adjusted P = 1.56 9 10 À5 ) at EN. The trend was much weaker and not significant at ED.
A similarly high correlation at EN was found using ranked values (Table S2) .
Modelling protein synthesis and degradation rates from ribosome abundance and polysome loading
The results in Figures 1 and 2 imply that small accessions have higher rates of protein synthesis than large accessions. Using a model developed in Piques et al. (2009) , we estimated the rate of protein synthesis and compared this with the net rate of protein synthesis required for growth to estimate the rate of protein degradation ( Figure 3 and Table S4 ).
The daily net rate of protein synthesis required for growth (DP) was estimated as
where RGR is relative growth rate (mg FW mg
calculated from the gain in biomass between 14 and 35 days see Table S5 ) and [P] is the average rosette protein concentration at ED and EN (mg protein g À1 FW; Table S1 ). DP was only marginally higher in large than small accessions ( Three large (BR0, Hl3, Lip0) and four small (Ang0,Bla11, Bu2, Col0) accessions were selected to quantify ribosomal protein amount using LC-MS. Ribosomal proteins were quantified based on molar fractions as calculated from the sum of emPAI values of the three replicates. Original data are provided in Table S3 . The results are given relative to the average ribosomal protein abundance in all seven accessions at a given harvest time. The daily rate of protein synthesis required for growth (K Smod , mg protein g À1 FW day À1 ) was estimated from total ribosome abundance per g FW and the fraction of ribosomes in the polysome fraction, assuming a rate of ribosome progression of three amino acids sec À1 , and an average molecular weight of amino acids in Arabidopsis proteins of 118.9 (see Piques et al., 2009) . The rate of protein synthesis required to support the observed rate of growth (DP) was estimated by multiplying the relative growth rate (mg FW mg À1 FW day À1 ) by the protein content (mg protein g À1 FW). Relative growth rate (mg FW mg À1 FW day À1 ) was estimated from the gain in biomass between 14-day-old and 35-day-old plants assuming exponential growth over this period of time. The data for ribosome abundance, polysome loading, protein content and rosette FW at 35 days are the adjusted averages from the experiment of Figure 1 and Tables S1 and S2. The results are the average of three biological replicate experiments. The estimated rate of protein degradation is given by K Smod -DP. An alternative plot is provided in Figure S2 .
The rate of protein synthesis (K S(mod) ; this symbol is used to distinguish modelled vales from those measured by 13 C enrichment, see below) in the light period and the night was estimated as
where Rib ALL is total ribosome abundance (nmol ribosomes g À1 FW), L is polysome loading (fraction, unitless), RPR is ribosome progression rate at 20°C (three amino acids ribosome À1 sec À1 , see Piques et al., 2009) , 118.9 is the average molecular weight of amino acids found in Arabidopsis proteins and t is the duration (secs) of the light or dark period, respectively (Table S4 ). Summing estimated rates for the light and dark period leads to the prediction that the rate of protein synthesis per 24 h cycle was >30% higher in small than large accessions (Figure 3 ). K S(mod) ranged between 3.4 and 2.4 mg protein g À1 FW day À1 (estimated from the regression, adjusted P = 1.17 9 10 À5 : Figure 3) or, after correcting for rosette protein content (Table S1 ), about 0.27 and 0.19 mg protein mg Àl protein day À1 ( Figure S4 ). K S(mod) was barely high enough to cover the rate of growth (DP) in large accession, but was 30-40% in excess of that needed for growth in small accessions. The rate of protein degradation per day (K Dmod ) was estimated as:
where K S(mod) is the estimated rate of protein synthesis (mg protein mg À1 FW day À1 ) and DP is the net rate of protein accumulation required for growth (see above). In small accessions the estimated rate of protein synthesis was substantially higher than that required for growth, with an estimated rate of protein degradation of about 0.9 mg protein g À1 FW day
À1
. In large accessions the estimated rate of protein synthesis resembled that required for growth, indicating there is little protein degradation.
Protein turnover was estimated by dividing the estimated daily rate of protein degradation by the rate of protein synthesis (100 9 K D(mod) /K S(mod) % day À1 ). Turnover was negligible in large accessions and rose to over 30% day À1 in small accessions (Figure 3) . A similar result was obtained by comparing the rate of protein synthesis normed on rosette protein content with RGR ( Figure S4 ). Our estimates of K S(mod) and K D(mod) are sensitive to the assumed ribosome progression rate, and would be underestimates i if ribosome progression were faster than three amino acids sec Àl . They also assume that the values for ribosome abundance and polysome loading at ED are reached soon after dawn, and that those for ribosome abundance and polysome loading fall to the EN values soon after dusk. Support for this simplifying assumption for polysome loading is provided by analyses in Col-0 (Pal et al., 2013) . It is probable that ribosome abundance changes more slowly, but this will only affect the overall estimates of K S(mod) in fast-growing accessions where there are marked diurnal changes in ribosome abundance, and will probably lead to us overestimating protein synthesis in the light period and underestimating protein synthesis in the dark while not greatly affecting the estimated rate over the entire 24 h cycle.
Measurement of the rates of protein synthesis and degradation using 13 CO 2 labelling
We next used 13 CO 2 labelling to quantify the rate of protein synthesis and degradation, using an approach developed in Ishihara et al. (2015) . 13 CO 2 labelling was performed with 13 of the accessions used in the experiments in Figure 1, including five of accessions used for proteomics analysis in Figure 2 . They were selected because they showed large variation in ribosome abundance. Using 21-day-old plants, 13 CO 2 was supplied for a 24 h light-dark cycle, followed by a 4-day chase. Samples were collected before supplying 13 CO 2 , at the end of the 24 h pulse and at the end of the chase. Data for three independent experiments are provided in Table S6 . RGR STR , K S and K D were calculated from the combined data for the three experiments, using the standard error of the mean for Gaussian error propagation (Birge, 1939; Ku, 1966) .
The rate of growth (RGR STR ) is given by the labelling kinetics of glucose in the cell wall. This corresponds to the glucose in cellulose and in the backbone of hemicellulose, which are assumed to show little or no turnover. Two independent estimates of RGR STR were obtained using the labelling kinetics of glucose in the pulse and the chase (RGR STR P and RGR STR C, respectively). They correlated strongly with each other (Pearson's R = 0.79, adjusted P = 0.003) and both correlated with biomass at 26 days (Pearson's R = 0.72, 0.65, adjusted P = 0.01, 0.024) (Figure 4a ). Biomass at 26 days was also strongly correlated to the average of the two estimates of RGR STR ( Figure S5a ; RGR STR AV: Pearson's R = 0.72, adjusted P = 0.01). These relationships were also significant in Spearman's rank regression ( Figure S5b ). RGR STR AV was also significantly correlated with the values for rosette biomass (R = 0.58, adjusted P = 0.053) and rosette protein content (R = 0.51, adjusted P = 0.085) of these genotypes at 35 days in the experiments in which ribosome abundance was analysed ( Figure S5c ). The absolute rate of protein synthesis, Ks, is calculated from the labelling kinetics of amino acids in protein, after correcting for incomplete enrichment in free amino acids pools. Many amino acid pools show very low enrichment (Ishihara et al., 2015) . Ks is calculated using the labelling kinetics of alanine and serine, which show a rapid increase to high enrichment in the light and remains at high enrichment during the night (see Ishihara et al., 2015) . Assumptions were needed to calculate K S , because enrichment in free amino acids was only measured at EN, and their enrichment decreases slightly between ED and EN (Ishihara et al., 2015) . We performed the calculation by adjusting the enrichment in the free amino acid pool to take account of the decay during the night based on the changes reported previously in Col-0 (Ishihara et al., 2015) . These corrections will affect the magnitude of K S but not its relationship to RGR STR . Similar estimates of K S were obtained using the enrichment kinetics of serine and alanine ( Figure S5d ). The averaged values for K S were about 14% higher in small compared with large accessions (0.29 and 0.24 mg protein mg À1 protein day À1 , respectively; Figure 4b ), The rate of protein degradation (K D ) is estimated in two ways. One calculation is based on data from the pulse, and estimates K D from the difference between the rate of protein synthesis and the rate of growth (K D(pulse) = K S À RGR STR P). The other calculation uses data from the chase and estimates K D from the rate of decay of enrichment in protein during the 4 day chase after correcting for dilution by growth (termed K D(chase) = ((ln Protein AA at 120 h -ln Protein AA at 120 h)/4) À RGR STR C, where Protein AA denotes enrichment in protein after correction for enrichment in free amino acids). The calculation using data from the chase does not require corrections for enrichment in precursor intermediates. Both calculations involve comparison of two large numbers, and are therefore subject to error. Nevertheless, the rates of degradation estimated by these two independent approaches were highly correlated (Pearson's R = 0.62, adjusted P = 0.007) (Figure 4a ). We estimated two further values of K D , by combining data for the labelling kinetics of amino acids in the pulse and the cell wall in the chase, and vice versa (K D(pulse) C = K S À RGR STR C, and K D(chase) P) = ln Protein AA at 120 h -ln Protein AA at 120 h)/4) À RGR STR P). The four estimates of K D were highly correlated with each other (in all pairwise comparisons (R = 0.62-0.95, adjusted P = 0.031 À <0.001; Figure S5a ). The relationships were also all highly significant in Spearman's rank correlation (R = 0.71-0.96, adjusted P = 0.028 À >0.001; Figure S5b ). The estimates of the various derivations of K D in Figures 4(a) and 5(a, b) are based on the averaged labelling kinetics of alanine and serine. Very similar results were obtained when the calculations were performed using only alanine or serine ( Figure S5d-f . Relationship between the relative rate of synthesis of the cell wall as a proxy for growth and the rates of protein synthesis and protein degradation.
Rates were determined in 13 Arabidopsis accessions by analysing enrichment kinetics in glucose in the cell wall, and in free serine and alanine and in serine and alanine in total proteins after a 24 h pulse with 13 CO 2 and after a 4-day chase. (a) Summary of the relation between the rates of protein synthesis (KS) protein degradation (K D ), glucose incorporation in the cell wall (RGR STR ) and biomass at 26 days. The enrichment kinetics in the pulse and the chase were used to provide two independent estimates of RGR (RGR STR P and RGR STR C, respectively), and of K D (K D(pulse) P and K D(pulse) C, respectively) (see Table S6 for details). Pearson's R was used to calculate P-value. Pvalues were adjusted with the Benjamini-Hochberg method; adjusted Pvalues <10% were selected as significant. Positive and negative correlations are indicated with red and blue, respectively. Table S6 , calculations are explained in the Results section, and additional analyses to assess the genotype contribution are provided in Figure S6 . R = À0.42, adjusted P = 0.16) (Figure 4a ) and RGR STR AV (Pearson's R = À0.42, adjusted P = 0.10) and a significant negative correlation with RGR STR C (Pearson's R = À0.50, adjusted P = 0.09) and rosette biomass at 26 days (Pearson's R = À0 061, adjusted P = 0.035, Figure S5a ). Overall, we interpret this as a weak but probably significant negative correlation.
K D showed a negative correlation with RGR STR ranging between À0.47 to À0.81, with seven of the eight comparisons being significant (Figures 4a and S5a) including the internal comparisons in the pulse (R = À0.80, adjusted P = 0.004; Figure 4c ) and the chase (R = À0.65, adjusted P = 0.024; Figure 4d ). Figure S5a ). Biomass at 26 days was also negatively correlated with the various estimates of K D , with two of these relations being significant (K D(pulse) P, K D (pulse) C) and the average estimate of K D (R = À0.576, adjusted P = 0.05; Figure S5a) . A similar picture emerged in a Spearman's rank correlation ( Figure S5b) . We tested if G contributes to the negative correlation between RGR STR and K D , using non-parametric ANOVA and
Test for Association/Correlation using Pearson's product moment correlation coefficient and Kendall's tau, using similar procedures to those in Figure S3 . We generated a non-parametric (categorical) ranking for the explanatory variables, by ranking genotypes were based on rosette FW, RGR STR P, RGR STR C or average RGR STR . As a control, genotypes were ordered randomly in bins of the same size as those in the genotype ranking. These ranking were compared with K S , K D(pulse) P, K D(chase) C, K D(pulse) C, K D(chase) P and K D AV as variable response parameters. In both tests, we compared all pairs of explanatory and response variables because pairs of explanatory and response variables differ in whether they are estimated using a shared data set (RGR STR P vs K D(pulse) P, K D(chase) C, vs. RGR STR P RGR STR AV vs K D AV) or different data sets (all other comparisons). It should be noted K D(pulse) P-values are probably more reliable than K D(chase) C, because the former are estimated from enrichment at one time, and the latter by comparing enrichment at two times.
For K S , ANOVA yielded a weak significant G effect in one comparison (P = 0.067 with FW, Figure S5a ). Test for Association/Correlation ( Figure S6b) 
Estimation of the costs of protein turnover
We asked if faster protein degradation in small accessions makes a substantial contribution to the observed decrease in growth. Based on the known ATP cost of conversion of amino acids into protein (5 ATP per amino acid; Warner, 1999; Hachiya et al., 2007) and a probable P/O ratio of 2.5, we estimated the C cost of protein synthesis and the C cost of that part of the protein synthesis that is required to compensate for protein degradation (termed the cost of protein turnover) (Tables 1 and S7 ). For Table 1 , the rates of protein synthesis and degradation were taken from the regressions in Figures 3 and 4 . The fraction of the direct cost of protein synthesis that is linked to protein turnover was set as equivalent to the rate of protein degradation divided by the rate of protein synthesis. The direct cost of protein synthesis in C equivalents per day was calculated based on the known stoichiometry of ATP use in the conversion of amino acids to protein and the P/O ratio and then related to either the total C fixed per day or to the amount of C deposited in structural biomass per day to estimate the percentage of the reduction in RGR in small accessions that can be accounted for by the added cost of producing protein to replace protein that is being degraded. The full calculations are given in Table S7 . This is a minimum value because it does not include the costs of other processes associated with protein turnover (see Discussion). The estimated cost of protein turnover was related to the rate of growth in two ways. In one, we used a literature value for the rate of photosynthesis to estimate total C fixed per day, estimated which fraction of the fixed C would be needed to support protein turnover, and compared this with the fractional decrease in RGR. In the second, we used the observed RGR values to estimate how much C is deposited in biomass per day assuming C represents about 40% of structural dry matter. We then compared the C costs of protein turnover with the decrease in C deposition between small and large accessions. We used three sets of RGR STR values; those obtained from 13 C labelling of glucose in cell wall material ( Figure 4 and Table S6 ), the same set but excluding the highest and lowest values to exclude possible outlier effects, and the RGR estimated from the gain in FW between 14 and 35 days (Table S6 ). These calculations indicate that up to a quarter of the decrease in RGR between large and small accessions is directly attributable to ATP consumption in protein synthesis associated with protein turnover.
Genome size and rDNA dosage
In Escherichia coli, cell rRNA and protein content correlate with rRNA gene (rDNA) dosage (Gyorfy et al., 2015) . Genome size in Arabidopsis accessions is positively correlated with rDNA copy number (Long et al., 2013) . We investigated whether genome size or rDNA copy number correlate with rRNA abundance. Genome size estimated by flow cytometry (Schmuths et al., 2004) was between 199-216 Mb (Table S8 ) and rDNA copy number was between 165-394 per haploid genome (Table S8 ). The estimate of genome size resembles earlier reports (Schmuths et al., 2004) . While earlier reports (Pruitt and Meyerowitz, 1986; Zoschke et al., 2007) reported higher rDNA copy numbers, they did not use DNA spikes to allow absolute quantification. Taking a value of 10 kb for a single rDNA copy including the intergenic spacer (Copenhaver et al., 1995) , rDNA represents 0.84-1.92% of the genome (Table S8) . Genome size was significantly and positively correlated with rDNA copy number (adjusted P = 0.026) and rDNA contribution to the genome (adjusted P = 0.04). Biomass and rRNA Cyt at EN were unrelated to genome size, rDNA copy number or the contribution of rDNA to total genome.
DISCUSSION
In earlier studies with a panel of about 100 Arabidopsis accessions we observed that the rate of growth in C-limiting conditions was negatively correlated with starch content at dusk and total protein and positively correlated with activities of enzymes in central C metabolism (Sulpice et al., , 2010 . This prompted us to test whether small accessions have a higher rate of protein turnover. As protein synthesis is a major cost component (Amthor, 2000; Quigg and Beardall, 2003; Rudra and Warner, 2004; Warner, 1999) , this would reduce the efficiency with which C is used and decrease the rate of growth. Lower ribosome abundance would also allow an increase in protein abundance in central metabolism. We used two independent methods to assess whether large accessions have a lower rate of protein turnover.
In the first approach, we analysed ribosome abundance and polysome loading, used these data to model the rate of protein synthesis, and compared the modelled rate with that required to sustain the observed rate of growth. Cytosolic, plastidic and mitochondrial ribosome abundance was estimated by qRT-PCR with external standards to obtain absolute quantification (Figure 1) . Small accessions had a higher ribosome abundance than large accessions, irrespective of whether ribosome abundance was related to FW or total protein. G contributed strongly to the variation in ribosome abundance between accessions. Further, the negative correlation between ribosome abundance and biomass was not due to dilution of ribosomes in fast-growing plants. The negative relation especially marked at dawn, due to cytosolic ribosome abundance falling during the night in large accession but not in small accessions. The abundance of ribosomal proteins at dawn was also higher in small than in large accessions (Figure 2) . Interestingly, Baute et al. (2016) recently reported a negative correlation between transcript abundance for ribosomal proteins and leaf size in a large maize RIL population. Overall polysome loading was also higher in small than large accessions, especially at dawn. When we used this molecular information to model the daily rate of protein synthesis (Piques et al., 2009; Pal et al., 2013) , the resulting estimates ( Figure S4 ) were about 30% lower in large than in small accessions (0.19 and 0.27 mg protein mg Àl protein day À1 , respectively). Strikingly, the estimated rate of protein synthesis resembled that required for growth in large accessions, but was about 30% higher than required for growth in small accessions. While these calculations involve assumptions (see Results) they indicate that protein turnover is substantially higher in small accessions than in large accessions.
In the second approach, we used 13 CO 2 pulse-chase labelling to measure the rates of protein synthesis and degradation (Figure 4) . These experiments confirmed that small accessions had slightly higher rates of protein synthesis than large accessions (about 0.29 and 0.23 mg protein mg À1 protein day À1 , respectively). The measured rates were similar to those modelled from ribosome abundance and polysome loading, although the increase in the rate of protein synthesis between large and small accessions was slightly less than in the model. 13 C-labelling confirmed that small accessions had higher rates of protein degradation. There was a significant negative relation between the estimated rate of protein degradation and growth, which was due to a G effect. The absolute rates of protein degradation rose from <0.02 mg protein mg À1 protein day À1 in fastgrowing accessions to about 0.07 mg protein mg À1 protein day À1 in slow-growing accessions. The daily rate of protein turnover (K D /K S ) in small accessions (28-33% day À1 ) resembled the rate estimated from ribosome abundance and polysome loading (about 30% day À1 ). This represents an average rate of turnover. In a recent largescale analysis, Li et al. (2017) found that the half-life of individual proteins varies between hours and months. The good agreement between two independent approaches provides strong evidence that small accessions have slightly higher rates of protein synthesis and substantially higher rates of protein degradation and protein turnover. Incidentally, the similarity between the measured and modelled rates of protein synthesis and protein degradation also provides support for the validity of the simple model from Piques et al. (2009) that we use to model the rate of protein synthesis form ribosome abundance and polysome loading.
The difference in growth rate between small and large accessions can be partly, but probably not fully, explained by the direct costs of protein turnover. However, this conclusion is tentative because due to propagated error our estimated rates of protein degradation are only approximate. Our calculation of costs is also an approximation because it requires assumptions about the relation between ATP synthesis and C fixation during photosynthesis. However, even with the conservative assumption that the relation during photosynthesis resembles the P/O ratio during respiration, the direct ATP cost resulting from increased protein turnover accounts for only about a third of the estimated decrease in RGR between large and small accessions. Several factors might explain the larger inhibition of growth. One would be that the direct costs of protein synthesis are larger than assumed (5 ATP per amino acid) in our model. However, this parametrisation is well supported by the literature (Penning De Vries, 1975; Amthor, 2000) . Further, the modelled rates of ATP consumption in protein synthesis account for a large part of the respired CO 2 at night (Piques et al., 2009; Pal et al., 2013) , making it unlikely that the costs are strongly underestimated. A second possibility is that there are substantial costs associated with protein degradation. ATP is required to ubiquitinylate proteins and is hydrolysed at multiple steps during their degradation by the 26S proteasome (Peth et al., 2013; Nelson and Millar, 2015; Olivares et al., 2016) . A third possibility is that amino acids released by protein degradation may sometimes be catabolised, which would introduce the need to resynthesize amino acids. Half the cost of protein synthesis in plants is associated with conversion of inorganic nitrogen into amino acids (Penning De Vries, 1975; Amthor, 2000; Hachiya et al., 2007) . However much of this energy is required for the reduction of nitrate to ammonium, and these costs would not arise during interconversions of amino acids.
There may be co-variance between rate of protein turnover and other processes that decrease the C-efficiency of growth. Faster protein turnover will decrease the efficiency with which ribosomes are used to produce protein for growth. This might be a particularly large factor in young growing leaves where ribosomes represent a large proportion of total protein (Detchon and Possingham, 1972; Dean and Leech, 1982) . Further, the higher ribosome abundance and polysome loading at dawn in small compared to large accessions (Figure 1c) indicates that small accessions maintain higher rates of protein synthesis during the night. This will impact on the C-efficiency of growth; whereas ATP is derived from photosynthesis in the daytime, at night it is generated by respiration of C reserves with an associated decrease in thermodynamic efficiency. Incidentally, higher energy costs at night would explain why small accessions accumulate more starch in the light and degrade it more rapidly at night ; Table S2 ). The C-efficiency of growth may also be decreased by the slightly higher protein content in small accessions (see also Sulpice et al., 2009 Sulpice et al., , 2010 .
Further research is required to discover the genetic and mechanistic reasons for the differences in ribosome abundance and protein turnover between Arabidopsis accessions. It is known that genome size is positively correlated with rDNA copy number (Long et al., 2013) , and we confirmed this relationship for the smaller set of accessions used in the present study (Table S8 ). However, we did not find any relationship between rDNA copy number and ribosome abundance or protein turnover. This explanation anyway seems unlikely because the relationship between accession size and ribosome abundance was mainly due to a different diurnal pattern; at dusk ribosome abundance was only slightly lower in large compared to small accessions, but during the night it declined in large accessions but remained high in small accessions. In Col-0, leaf expansion continues during the night at rates that are as high as or slightly higher than in the light period (Poir e et al., 2010; Ruts et al., 2012; Apelt et al., 2015) . In contrast, in short day-grown Col-0 the abundance of transcripts for ribosomal proteins is much lower at dawn than dusk (Flis et al., 2016) and the rate of synthesis of ribosomal protein may drop even further because polysome loading decreases at night (Piques et al., 2009; Pal et al., 2013 ; see also Figure 1c ). In large accessions with a RGR of 0.225, expansion at night in the absence of ribosome biogenesis could lead to a ca. 15% decrease in ribosome abundance between dusk and dawn. The measured decline in abundance of the various rRNA species during the night was 5-12% in small accession, and 20-33% in large accessions (Figures 1(b) and S1 ). This indicates that in small accessions some ribosome biogenesis may continue at night, whereas in large accessions ribosome biogenesis is inhibited and there may even be ribosome degradation. Whereas ATP is derived from photosynthesis in the daytime, at night it is generated by respiration of C reserves with an associated decrease in thermodynamic efficiency. Continued ribosome biogenesis at night will increase ribosome abundance but will be associated with an energy cost (see previous paragraph) and might contribute to the slower rate of growth in accessions with high ribosome abundance.
Protein synthesis and ribosome biogenesis are positively regulated by C (Pal et al., 2013; Nelson and Millar, 2015; Flis et al., 2016) . Interestingly, in Col-0 polysome loading at dawn is low in plants grown in short photoperiods and high in those grown in long photoperiods (Sulpice et al., 2014) . Furthermore, transcripts for ribosomal proteins and ribosomal biogenesis factors are high at dusk and low at dawn in short photoperiods, but are high at dawn in long photoperiods when the C supply is higher during the night (Flis et al., 2016) . This indicates that there is considerable flexibility in the timing of protein synthesis and of ribosome biogenesis, even within a single genotype. Further studies are needed to investigate if the changes in the timing of polysome loading and ribosome abundance seen in the current study are due to variation in C-signalling between accessions.
Finally, the question arises about the biological consequences of natural variation in ribosome abundance and protein turnover. An attractive explanation would be that a higher rate of protein degradation allows more rapid protein turnover and aids adjustment to environmental conditions. Some support for this idea is provided by the finding that small accessions maintain their biomass under low nitrogen supply (Sulpice et al., 2013) when rapid turnover may facilitate faster reallocation of nitrogen within the plant. Thus, there may be a trade-off between maximising growth rate and the ability to adjust the protein complement to a changing environment. However, as the rate of protein turnover may be strongly dependent on developmental and environmental factors (Nelson and Millar, 2015) rigorous testing of this idea will require experimental strategies that go beyond ex situ cultivation.
EXPERIMENTAL PROCEDURES Plant growth
For analyses of metabolites, rRNA abundance and polysome loading, seeds were germinated and grown in soil as in Cross et al. (2006) , Sulpice et al. (2009) and Ishihara et al. (2015) . Three to four independent samples (five rosettes per sample) were collected at EN and ED per accession 5 weeks after germination, when plants were still in the vegetative phase. The experiment was repeated twice. For 13 CO 2 labelling, plant growth was in Ishihara et al. (2015) . The experiment was repeated three times. Material was harvested in liquid N 2 , ground at À70°C in a cryogenic grinding robot (http://www.labman.co.uk/MAPC_Cryogenic_ Grinder.html; Labman Automation) and stored until analysis at À80°C.
Ribosomal RNA
Total RNA was extracted from 0.25 mg FW rosette, spiking with eight artificial RNA fragments (Ambion/Life Technologies GmbH, Darmstadt, Germany; Table S9) using the RNeasy Plant mini Kit (Qiagen, Hilden, Germany) (Piques et al., 2009; Pal et al., 2013) . Cytosolic, plastid and mitochondrial rRNA was determined by qRT-PCR (Pal et al., 2013) . DNA spike construction and primer pairs are described in Table S9 .
Extraction and protein analysis via LC-MS/MS
Extraction, identification and LC-MS/MS analysis, protein identification and emPAI quantitation was carried out as in Piques et al. (2009) . emPAI values (Ishihama et al., 2005) 
CO 2 feeding
Rates of protein synthesis and degradation were determined as in Ishihara et al. (2015) . Plants were labelled in a Plexiglas box that held 17 10-cm diameter pots with five 21-day-old plants per pot, and was placed in a controlled climate chamber. Labelling started 1 h before dawn and continued through the 24 h light-dark cycle. Plants were harvested before commencing labelling, after the 24 h pulse, and after a 4 day chase. In each experiment labelling was performed on one sample (three whole rosettes) per accession. Sample handling, preparation of soluble extracts, protein fractions, cell wall fractions and their hydrolysis as well as determination of 13 C enrichment in alanine, serine and glucose was as in Ishihara et al. (2015) .
Nuclear DNA content
Mature rosette leaves from 19 accessions were collected and nuclei prepared as in Dolezel et al. (2007) using Raphanus sativus leaves as an internal standard. About 20 mg leaf pieces plus internal standard (1 to 1 ratio) were chopped in ice-cold buffer (200 mM Tris, 4 mM MgCl 2 , 0.5% Triton X-100) with a razor blade, filtered (20 lm filter CellTrics, Partec, Germany), incubated with RNAase (50 lg ml
À1
) on ice in the dark for 10 min, propidium iodine (50 lg ml
) added, incubated on ice in the dark for 10 min and analysed using the BD FACSAriaTMIIIu cell sorter (Becton Dickison and Co., East Rutherford, NJ., USA).
Determination of rDNA copy number
Ribosome DNA copy number was calculated by dividing the copy number of cytosolic 18S RNA encoding gene (rDNA GenBank: X52320) by copy number of four single copy genes in the Arabidopis genome (CAB2, RSDF, GBS1, At3 g59940; https://www.a rabidopsis.org/) (Copenhaver et al., 1995) . To quantify rDNA, genomic DNA was isolated from 10 mg homogenized rosette leaves, spiking with five DNA fragments (see Table S9 for spike construction) using the DNeasy Plant mini Kit (Qiagen, Hilden, Germany). RNA contamination was removed using RNase A (Qiagen, Hilden, Germany). qRT-PCR was performed in a volume of 5 ll with 1/1000 dilution of the DNAs, and 200 nM of each genespecific primer. Power SYBR Green PCR Master Mix (Applied Biosystems/Life Technologies GmbH, Darmstadt, Germany) was used to monitor dsDNA synthesis. All standard curves for the 5 spike-in controls had R 2 values >0.98. They were used to calculate the abundance (copy g À1 FW) of the cytosolic rDNA and four singlet genes. The rDNA number in the haploid genome was estimated by dividing the rDNA copy number by the average copy number from three singlet genes.
Statistical methods are described in File 1. Figure S1 . Relationship between biomass of 19 accessions and plastidic and mitochondrial ribosome abundance measured at ED and EN. Figure S2 . Relationship between protein amount per rosette of 19 accessions and abundance of cytosolic (Rib Cyt ) and all (Rib All ) ribosomes, measured at ED and EN. Figure S3 . ANOVA and measure of association analysis to show that the negative correlation between accession biomass and ribosome abundance is due to a genotype effect. Figure S4 . Modelled rate of protein synthesis compared with the relative growth rate, showing an alternative plot to that provided in Figure 2 . Figure S5 . Rates of protein synthesis and degradation, biomass and glucose and relative rate of synthesis of cell wall material in 13 Arabidopsis accessions, with provides analyses to those in Figure 4 . Figure S6 . Statistical analyses assess the contribution of genotype to the negative correlation between RGR STR or FW and the rate of protein synthesis (K S ) or the various estimated rates of protein degradation (K D ), using ANOVA, Pearson's product moment correlation analysis and Kendall's tau. Table S1 . Trait values for biomass, metabolite levels and rRNA abundance and polysome loading in 19 accessions in two separate experiments, comparability of experiments and adjusted averages for each trait and three-way ANOVA; these data underlie Figure 1 . Table S2 . Relationship between biomass, metabolite levels, ribosome abundance and polysome loading in 19 accessions; these calculations underlie Figure 1 , the original data except for polysome loading is provided in Table S1 , and further statistical analyses in Figure S3 . Table S3 . Relation between the rosette biomass and the abundance of ribosomal proteins; these data underlie Figure 2 . Table S4 . Modelled rate of protein synthesis from rRNA abundance and polysome loading, comparison with net rate required for growth and estimated rate of protein degradation; these calculations underlie Figure 3 . Table S5 . Relative growth rate (RGR) of 19 accessions in the experiments in which ribosome abundance was analysed. Table S6 . Enrichment of 13 C in alanine and serine in free amino acids and in amino acids released by chemical hydrolysis of protein, and enrichment of 13 C in glucose in the cell wall fraction in individual experiments, and calculation of the mean values for the various estimates of RGR STR , K S and K D with propagation of error; these data underlie Figure 4 . Table S7 . Estimation of the direct costs of protein synthesis to compensate for protein turnover. Table S8 . Genome size and rDNA copy number variations in 19 Arabidopsis thaliana accessions. Table S9 . Primers and spikes for rRNA measurement and quantification, DNA spike construction and estimation of cDNA copy number. Text S1. Statistical Methods.
